Hypofertility is a risk factor for the development of testicular germ cell tumors (TGCT), but the initiating event linking these pathologies is unknown. We hypothesized that excessive planar division of undifferentiated germ cells promotes their self-renewal and TGCT development. However, our results obtained from mouse models and seminoma patients demonstrated the opposite. Defective planar divisions of undifferentiated germ cells caused their premature exit from the seminiferous tubule niche, resulting in germ cell depletion, hypofertility, intratubular germ cell neoplasias, and seminoma development. Oriented divisions of germ cells, which determine their fate, were regulated by spindle-associated RHAMM-a function we found to be abolished in 96% of human seminomas. Mechanistically, RHAMM expression is regulated by the testis-specific polyadenylation protein CFIm25, which is downregulated in the human seminomas. These results suggested that spindle misorientation is oncogenic, not by promoting selfrenewing germ cell divisions within the niche, but by prematurely displacing proliferating cells from their normal epithelial milieu. Furthermore, they suggested RHAMM loss-of-function and spindle misorientation as an initiating event underlying both hypofertility and TGCT initiation. These findings identify spindle-associated RHAMM as an intrinsic regulator of male germ cell fate and as a gatekeeper preventing initiation of TGCTs. Cancer Res; 76(21); 6382-95. Ó2016 AACR.
Introduction
Testicular germ cell tumors (TGCT) are cancers with metastatic potential and of rising incidence (1) . Hypo/infertility is one of the main risk factors for adult TGCT development and can precede tumorigenesis by several years (2, 3) . Despite extensive research, the etiology of TGCT is not well understood. Loss of heterozygosity, allelic imbalance, and genome-wide association studies (GWAS) have identified several loci and genes conferring TGCT susceptibility; however, most of them are not functionally characterized (4) (5) (6) (7) . On the basis of these and other data, models of TGCT development have been proposed (8) but the initiating event behind these cancers remains unknown.
The understanding of cancer-initiating events is linked to the identification of cells of origin, a very challenging task in solid tumors. TGCT offer a significant advantage in such investigations, because their cells of origin are known to be the germline stem cells-gonocytes or spermatogonia (8) . Seminomas are the most common type of pure TGCT, developing from the precursor lesion intratubular germ cell neoplasia (IGCN; ref. 8) .
In contrast to other tissues, where daughter cells enter differentiation early, progenitor cells of the testis proliferate extensively. This highly proliferating nature of spermatogonia implies that the driving event for somatic tumors, that is, uncontrolled proliferation, might not apply to TGCTs, as TGCTs occur at low frequency in relation to the overall rate of proliferation in the testis (9) . Rather, inhibition of spermatogonial differentiation is thought to induce seminoma development, a notion supported by a mouse model that exhibits increased self-renewal of spermatogonia because of an overexpression of GDNF (10) . Nonetheless, the mechanisms and molecules regulating the balance between germ cell (GC) renewal and differentiation in testis remain to be unraveled (11) .
Self-renewal and differentiation of stem cells is maintained by symmetric and asymmetric divisions, which are dictated by spindle orientation (12) . Defective spindle orientation has been associated with oncogenesis in several systems, but definitive proof has been obtained in Drosophila where increased symmetric divisions are oncogenic (13, 14) . In mammalian systems, however, there is evidence that spindle defects may be both promoting or preventing cancer in different organs (15, 16) .
Spindle orientation integrates the action of several multifunctional proteins coordinating the forces between cortex and spindle (17) . Among these proteins, RHAMM (also known as HMMR) is of particular interest as it is upregulated in mitosis (18) and localizes at the spindle (19) but is not essential for spindle assembly in vivo (20, 21) . Nonetheless, spindle orientation fails in female GC follicles (21) and in cultured cells (22) carrying RHAMM truncations. These features make RHAMM a suitable tool in testing whether spindle misorientation can initiate TGCT.
The spindle of dividing rat spermatogonia is preferentially oriented perpendicular to the seminiferous tubule (ST) basal membrane (determining an apicobasal division plane) but when astral microtubules are depolymerized it is reoriented parallel to the basal membrane (planar division; ref. 23 ). Accordingly, we hypothesized that excessive planar division of undifferentiated spermatogonia promotes their self-renewal and TGCT development.
We used RHAMM mouse transgenesis to test this hypothesis and found that the opposite is true. Impaired planar-and premature apicobasal divisions eliminated or displaced the self-renewing testicular GC from their niche, causing fertility defects, IGCN, and seminoma. We report that the underlying RHAMM spindle function is also abolished in 96% of human seminomas and we determine the molecular cause of this deficiency. We thus identify RHAMM as intrinsic regulator of male GC fate that connects the two clinical pathologieshypofertility and seminoma.
Materials and Methods

Human testis biopsies
Human testis biopsies were obtained from the Biobank Graz of the Medical University of Graz (MUG, Graz, Austria). The collection and use of the samples were approved by the MUG Ethical Committee.
Mouse transgenesis
The hmmr m/m ;Trp53 À/À mouse was generated by crossing the hmmr m/m (21) with the Trp53 À/À line (24) .
Cell lines
Flp-In-T-REx-293 cells (Life Technologies) were cultured in DMEM supplemented with 10% tetracycline-free FBS and 2 mmol/L glutamine at 37 C in 5% CO 2 . HeLa cells (ATCC CCL-2) were cultured in MEM supplemented with 10% FCS and 2 mmol/L L-glutamine. MEF cells were prepared and cultured as described previously (21) . All cell lines were maintained at 37 C in 5% CO 2 .
The Flp-In-T-REx-293 and HeLa cell lines were passaged from the commercially obtained master stock four times over 2 weeks, for amplification. The resulting stocks were used in all experiments, for a maximum of 20 passages, with authentication via morphologic and growth criteria specific to each cell line. Further authentication by the suppliers included STR analysis, morphology, and growth assays. The generated Flp-In-T-REx-293 and MEF cell lines were additionally authenticated by PRC using insert/truncation-specific primers (see Supplementary Materials and Methods) and by immunoblotting.
Fertility assays
Mating of 8-to 12-week-old mice was used in the quantification of litter size of homozygous (n1 ¼ 7 mating pairs, n2 ¼ 12 litters, n3 ¼ 46 offspring) or heterozygous (n1 ¼ 14, n2 ¼ 33, n3 ¼ 219) RHAMM-mutant pairs and wild-type controls (n1 ¼ 6, n2 ¼ 6, n3 ¼ 39). Two hmmr m/m male cohorts of different age were used in quantification of litter size, with a minimum of six litters per genotype and age group. In total, 85 litters and 439 offspring were analyzed.
Analysis of GC spindle orientation
Mouse testes were dissected, fixed, and processed according to ref. 21 . For analysis of the orientation of spermatogonial cell division plane, testis sections were labeled and imaged as described in the Supplementary Materials and Methods. The angle u between the cell division plane of (metaphase or anaphase) spermatogonia and the ST basal membrane plane was determined and measured in ImageJ. The long spindle axis, defined as a line across the two centrosomes, was used to determine the cell division plane. The plane of the ST basal membrane, adjacent to the spermatogonium, was defined by a line parallel to the membrane, passing by the membrane/GC contact point.
Histologic analysis, in situ hybridization, culture and immortalization of mouse embryonic fibroblasts, preparation of cell protein lysates, SDS-PAGE, and immunoblotting were performed according to ref. 21 . RNA interference and high content screening were performed according to refs. 25 and 26 with the modifications described in the Supplementary Materials and Methods.
Statistical analysis
GC spindle orientation was analyzed by the Mann-Whitney test, atrophy, and atypia by the Fisher exact test and all other assays by the two-tailed Student t test. Results are presented as mean AE SD, with error bars denoting the SD. The hypothesis that GC spindle orientation is random was tested by the KolmogorovSmirnov test.
Results
RHAMM is expressed in male GCs and localizes at their spindle-an association abolished in human testicular GC tumors Analysis of RHAMM expression and localization in the mouse testis, by radioactive in situ hybridization, revealed high transcript levels in a subset of STs (Fig. 1A) . This expression pattern is consistent with the organization of spermatogenesis and associated mitoses that occur in "spermatogenic waves" of GC proliferation along the ST epithelium. RHAMM mRNA specifically localized at the outer periphery of the tubules (Fig. 1A) , which represent areas of high mitotic activity. Indeed, immunofluorescence microscopy analysis demonstrated RHAMM localization at the mitotic spindle of spermatogonia (Fig. 1B) and spermatocytes (Fig. 1C) , which are located at the periphery of the ST.
RHAMM upregulation is commonly observed in cancers, including mammary (27) , prostate (28) , colorectal (29) , hepatocellular (30) carcinomas, and glioblastomas (31) , whereas deletion of the RHAMM locus has been reported in malignant nerve sheath tumors (32) . We thus extended the RHAMM expression analysis to 42 human testis biopsy samples (Supplementary  Table S1 ), comprising seminomas ("pure" GC tumors; Fig. 1E ) and controls exhibiting no neoplastic lesion (Fig. 1D) . Their histopathologic characterization was confirmed by labeling with anti-PLAP antibody (membrane-associated PLacental Alkaline Phosphatase, expressed in GC tumors but not somatic ones; ref. 33 ; Fig. 1F and G) .
RHAMM associated with the mitotic spindle of GCs in control human testes (Fig. 1H) , consistent with the protein's localization in cultured cells (Supplementary Fig. S1A ; ref. 19 ) and mouse reproductive organs ( Fig. 1A-C; ref. 21 ). In contrast, spindleassociated RHAMM was undetectable in more than 80% of the metaphase GCs (Fig. 1I and J Table  S1 ). The single tumor exhibiting modest RHAMM spindle localization (indicated in red; Supplementary Table S1 and Fig. 1J ) was postsurgically diagnosed as non-Hodgkin lymphoma metastasized to the testis.
These data indicated that RHAMM dissociation from the spindle of GCs is a seminoma-specific phenotype. The very high (96%) prevalence and extremely high significance (P < 0.001) of the phenotype suggested RHAMM defects as being central to seminoma, a pathology of largely unknown molecular basis. This prompted us to examine the normal function of RHAMM in the testis and ask whether RHAMM deficiency promotes TGCT development.
The hmmr m/m mouse develops several testicular pathologies, including seminoma RHAMM has two mitotic functions, orienting the spindle (21, 22) and maintaining its integrity (19, 34, 35) . Both functions critically depend on the RHAMM C-terminal centrosome-targeting domain, which is necessary for the protein's association with the spindle (19, 21, 34, 35) .
To investigate the function of RHAMM in the testis, we used the mouse model hmmr m/m carrying a deletion of the C-terminus of the protein (21) . A truncated ($65 kDa) RHAMM variant is expressed in the hmmr m/m testis ( (19) , which is functionally Homozygous hmmr m/m mouse matings yielded significantly decreased litter size, compared with wild-type hmmr þ/þ controls, indicating fertility defects (Fig. 2B ). To distinguish male fertility defects from the previously reported maternal hypofertility of this line (21), the hmmr m/m males were mated with wild-type females (Fig. 2C ). These males were severely hypofertile, as indicated by the decreased litter size independently of the father's age (Fig. 2C) .
RHAMM was reported to regulate human sperm motility (36) . However, analysis of several spermatozoa motility parameters showed no motility differences among sperm isolated from the epididymis of hmmr m/m versus hmmr þ/þ males ( Supplementary   Fig. S3A ). This finding suggests that RHAMM centrosomal functions are not required for sperm motility and that the observed hmmr m/m hypofertility had other causes. Gross examination revealed reduced size of the hmmr m/m testes ( Fig. 2D) , consistent with severe atrophy of the STs (Fig. 2F) , which is histopathologically apparent from 5 weeks of age. In ), characterized by GCs with enlarged nuclei and clear cytoplasm as well as invasive tumor growth into the neighboring interstitial tissue ( Fig. 2M and N) .
In summary, the hmmr m/m male mice exhibit an early-onset testicular atrophy, hypofertility, cellular atypia, and seminoma. The hmmr m/m males phenocopy the human pathology (2, 3) and are thus suited in elucidating the pathophysiologic function of RHAMM in the etiology of hypofertility and TGCT.
Elimination of the RHAMM centrosomal function promotes p53-dependent GC apoptosis
A 3-fold increase in apoptotic GCs was observed in hmmr m/m testes, already at a very young age (Fig. 3A-C) . The high incidence of testicular atrophy and the low incidence of seminoma suggested that activation of tumor suppression pathways may be responsible for the elimination of atypical cells, preventing development of the seminoma precursor lesion, albeit at the cost of atrophy and hypofertility. Accordingly, expression of the p53 protein, a canonical tumor suppressor, was elevated in hmmr m/m testes (Fig. 3D) . Constitutive activation of p53 in the testis causes GC apoptosis, thereby leading to testicular atrophy (38) . To test whether p53 activation is responsible for the GC depletion and seminoma suppression in hmmr m/m , we crossed these mice with the Trp53 À/À -mutant line (24) . The p53 deletion did not affect RHAMM expression in the testis (Fig. 3E) .
As expected, ablation of p53 rescued the GC apoptosis in hmmr m/m testes (Fig. 3C) . However, the testicular atrophy persisted in 30% of hmmr m/m ;Trp53 À/À ( Fig. 3G and H) , indicating a more complex etiology underlying this phenotype. In addition, GC apoptosis affected animals as young as 4-week old (Fig. 3C) , whereas atypia appeared from circa 30 weeks of age, suggesting that apoptosis and atypia are not related. Mitotic delays induce p53 upregulation and apoptosis (39) . Could the RHAMM truncation cause such mitotic delay? MEFs m/m , in contrast to MEFs
, formed spindles devoid of RHAMM ( Supplementary Fig. S1B ), exhibited a 2-fold increase in spindle assembly defects but progressed through the cell cycle without significant delay ( Supplementary Fig. S1C ). The highest p53 expression was observed in spermatogonia of the hmmr m/m (Fig. 3J) , suggestive of mitotic defects or mitotic delays in these cells brought about by the RHAMM truncation. One could hypothesize that such cells are eliminated from the stem cell pool (39) . However, no spindle abnormalities were observed in hundreds of spermatogonia analyzed (Figs. 3K and L and 4), suggesting that RHAMM is dispensable for bipolar spindle assembly in vivo, in agreement with previous studies (20, 21) .
In conclusion, the ST atrophy and hypofertility cannot be explained solely by spindle assembly defects or delays and p53-dependent apoptosis, as removal of p53 only partially relieves the (atrophy) phenotype. These data suggest that another function of RHAMM must be impaired in the hmmr m/m males. We thus asked whether spindle orientation (a RHAMM C-terminus function) is pertinent to spermatogenesis and TGCT development.
RHAMM regulates the oriented division of male GCs
RHAMM localization at the spindle of spermatogonial (Fig. 1B, 4A ) and spermatocytic (Fig. 1C, 4C ) GCs is abolished in hmmr m/m ( Fig. 4B and D) . This is in agreement with in vitro (Supplementary Fig. S1B ; ref. 34 ) and in vivo (21) data showing the RHAMM centrosome-targeting domain to be necessary for association of the protein with the spindle. Given its dispensable role in spindle assembly in vivo, we subsequently explored whether RHAMM is required for spindle orientation during spermatogenesis.
Spermatogonial but not spermatocytic divisions are oriented in the rat testis (23) . We thus analyzed spermatogonial spindle orientation, in 5-to 10-week-old hmmr m/m and control mice. For each metaphase spermatogonium, the angle u, defined by the cell division plane and the ST basal membrane plane, was measured ( Fig. 4E and I , see also Materials and Methods). Testes harbor undifferentiated and differentiating spermatogonia (9) . The former express PLZF and the latter b-catenin, in mutually exclusive manner ( Supplementary Fig. S3D ). Of note, in addition to its nuclear expression, b-catenin localized at the apical surface of differentiating spermatogonia, suggesting a polarity function of the protein (Supplementary Fig. S3E ).
In wild-type testes, the small u (median 6.2 ) of PLZF-positive spermatogonia indicates that they orient their spindle parallel to the basal membrane of the seminiferous epithelium, suggesting that undifferentiated spermatogonia undergo planar cell division (Fig. 4F) . In contrast, the average u angle in the hmmr m/m testes was significantly higher (median u ¼ 32.1 ), due to a wider distribution of this parameter (Fig. 4G) . The hmmr m/m data set included spindles positioned perpendicular to the ST membrane. The distribution of spindle angles in the mutant PLZF-positive spermatogonia did not differ from the random distribution (Kolomogorov-Smirnov test, P ¼ 0.099), contrary to hmmr
where spindle angles differed very significantly (P < 2.2 Â 10 À16 ) from the random distribution (Fig. 4H) .
In contrast to undifferentiated GCs, the high u (median 63. ST basal membrane, generating apical and basal daughter cells (Fig. 4J) . In hmmr m/m , the average u angle was significantly lower (median 37.1
; Fig. 4K ). The hmmr þ/þ b-catenin-positive spermatogonia exhibited preferential spindle orientation (P ¼ 0.0011 vs. random distribution) and this preference was impaired in their hmmr m/m counterparts (P ¼ 0.0477; Fig. 4L ). These data suggest that spermatogonial stem cells undergo planar division and reinforce the notion that the activity of RHAMM, via its centrosome-targeting domain, is essential for these stereotypical divisions in the testis. The random spindle positioning in hmmr m/m spermatogonia most probably contributes to alterations in the geometry of planar divisions of undifferentiated GCs. These divisions are critical for GC renewal and a functional testis.
Further to the GC depletion, the symmetric segregation of PLZF during anaphase, which is independent of spindle orientation ( Supplementary Fig. S3F and S3G) , indicated that displacement of the GCs from the basal compartment can be analyzed using differentiation cell markers. This analysis demonstrated premature displacement of undifferentiated spermatogonia from the niche in hmmr m/m (Fig. 4M-O) , whereas the translocation of differentiated spermatogonia into the ST lumen was prevented ( Fig. 4P-R) .
Spindle orientation entails RHAMM-mediated recruitment of CHICA and DYNLL1 (component of the dynein motor complex) to the spindle (22) . In agreement with the impairment of spindle orientation in the mutant testis, the C-terminus truncation of RHAMM (expressed in hmmr m/m ) prevents formation of the RHAMM-CHICA-DYNLL1 tripartite complex (Fig. 5) .
Combined with the phenotypic analysis of hmmr m/m males, the above data suggest that impaired orientation of GC division contributes to two distinct phenotypes that occur at different frequencies: The most prevalent is GC depletion with consequent testicular atrophy and hypofertility. The second phenotype comprises premature localization of undifferentiated GCs outside the basal compartment, cellular atypia, IGCN, and seminoma.
As RHAMM dissociation from the spindle of GCs appears to be critical in the etiology of the hmmr m/m testicular phenotypes and it is highly prevalent (96%) in human seminoma (Fig. 1H-J) , we investigated the underlying molecular mechanism.
RHAMM variants do not affect the protein's spindle localization
TGCT exhibit deletions and re-arrangements in the human locus 5q34, where RHAMM is encoded (40) . We thus postulated that RHAMM spindle mislocalization in seminoma (Fig. 1) is due to RHAMM genomic defects. Targeted sequencing of the Hmmr locus in the human biopsies and investigation of the allele frequencies detected allelic imbalance, which might indicate LOH, in 12% of seminoma samples (Supplementary Table S1 ). In addition, six missense variants in the RHAMM protein-coding region were identified. They were compared with their frequency in the population using data from the 1000 Genomes Project, while their impact on protein structure was evaluated using PolyPhen (Supplementary Table S1 and Fig. 6A and B) .
We assessed the functional significance of the missense variants for spindle localization of RHAMM in cultured human cells. RHAMM encodes a microtubule-binding domain (Fig. 6A) that, upon overexpression, stabilizes microtubules, leading to cellcycle arrest. This was prevented by inducible expression of the variants at low level (Fig. 6C) , in cells treated with siRNA targeting the 3 0 UTR of RHAMM, to silence endogenous RHAMM expression. The two most common variants (V368A, A484V) were tested in tandem as they appear in tandem in the biopsies (Supplementary Table S1 ). They did not affect RHAMM spindle localization, but neither did the remaining four variants (tested in the presence of V368A and A484V; Fig. 6C ).
In conclusion, the RHAMM mislocalization in human seminoma could not be attributed to its functional inactivation.
RHAMM mRNA is downregulated in human seminoma
However, we found extremely significant downregulation of RHAMM mRNA expression in the seminoma biopsies ( Fig. 6D and Supplementary Table S1 ). As RHAMM expression peaks at G 2 -M (18), it positively correlated with expression of the mitotic cyclin B1 (Fig. 6F , r ¼ 0.828). Even normalized against cyclin B1 levels (to account for putative differences in the mitotic index), the downregulation of RHAMM mRNA in seminoma remained very significant (Fig. 6E) .
Although the molecular basis of seminoma development remains unknown, GWAS have identified 12 TGCT susceptibility genes (4-7). In the biopsies, two of the genes (ATF7IP and MAD1L1) exhibit differential mRNA expression (control vs. seminoma) but neither has known spindle-associated functions (Supplementary Fig. S4A) .
We conclude that, in human seminoma, delocalization of RHAMM from the mitotic spindle is likely caused by decreased RHAMM expression but not due to mutations or deletions in the Hmmr locus. We thus sought to identify regulators of RHAMM expression. Immunofluorescence labeling with the indicated antibodies. SPC3 labeling distinguishes lumen-localized differentiating spermatogonia from spermatocytes (which express SCP3 and localize in the lumen); n ¼ 3 males/genotype. Ã , P < 0.05; ÃÃ , P < 0.01. Scale bars, 50 mm (M and P) and 20 mm (A-D, G, and K).
CFIm25 regulates RHAMM expression
To identify RHAMM regulators, we developed an immunofluorescence-based RNAi screening assay (outlined in Supplementary Fig. S5A ) for the identification of mitotic cells and the quantitative analysis of spindle-associated RHAMM by high-content screening microscopy (25, 26) . We screened a custom library of 1,634 genes, including the 12 TGCT susceptibility genes as well as genes encoding centrosome/spindle-associated factors and their regulators. The library and the analysis criteria applied for hit identification are described in the Supplementary Materials and Methods.
The primary screen identified 26 positive RHAMM regulators. Among the top scoring hits was CFIm25 (also known as NUDT21 or CPSF5), knockdown of which resulted in 2-fold decrease of spindle-associated RHAMM (Supplementary Fig. S5B ). From the TGCT susceptibility genes, six were identified as negative RHAMM regulators, as their silencing significantly increased spindle-associated RHAMM (Supplementary Fig. S5B ). However, knockdown of ATF7IP and MAD1L1 (which were downregulated in the seminomas; Supplementary Fig. S4A ) resulted in elevated RHAMM level (ATF7IP) or had no effect (MAD1L1; Supplementary Fig. S5B ). Validation of selected hits is shown in Supplementary Fig. S5C to S5E.
CFIm25 is a core component of the mRNA Cleavage Factor I [CFIm, also known as cleavage and polyadenylation specificity factor (CPSF)] that functions in alternative polyadenylation (APA). This process modulates gene expression by regulating the length of mRNA 3 0 UTR impacting mRNA stability (41) . CFIm components are highly expressed in the testis (42) . We thus investigated further the role of CFIm25 in RHAMM regulation.
The siCFIm25-treated cells exhibit 60% RHAMM mRNA decrease ( Fig. 7A and B) , suggesting that reduction of RHAMM mRNA by silencing CFIm25 was responsible for the significant downregulation of the RHAMM protein, detected in the RNAi screen. Immunoblotting and immunofluorescence microscopy analysis of siCFIm25-treated cells confirmed the downregulation of total (Fig. 7C) and spindle-associated (Fig. 7D) RHAMM protein.
We conclude that CFIm25 positively regulates RHAMM mRNA stability and consequently RHAMM expression.
CFIm25 expression is downregulated in human seminoma
Consistent with its role in RHAMM regulation, CFIm25 mRNA was significantly downregulated in the seminomas (Supplementary Table S1 ; Fig. 7E) . At the protein level (analyzed in sections of the FFPE biopsies), CFIm25 was undetectable in the nuclei of seminoma cells (Fig. 7G) whereas strongly expressed in nuclei of spermatogonial and spermatocytic nuclei of control testes ( Fig. 7F; ref. 42) .
In addition to RHAMM, two TGCT susceptibility genes (ATF7IP and MAD1L1) were downregulated in the seminomas (Supplementary Fig. S4A ). However, in the cellular system, neither was modulated by CFIm25 knockdown (Supplementary Fig. S4B ). These data reinforce the notion that the activity of CFIm25 specifically regulates RHAMM expression in the testis.
We conclude that impaired CFIm25 expression and consequent RHAMM downregulation disrupt planar cell division of undifferentiated GCs, generating two clinically linked phenotypes: (i) testicular atrophy and hypofertility, likely caused by depletion of the GCs from the seminiferous epithelium niche; (ii) cellular atypia, intratubular GC neoplasias and seminoma, attributed to the premature displacement of undifferentiated GCs from the ST basal compartment.
Discussion
RHAMM defects provide a common etiology of hypofertility and seminoma
Human TGCTs are cancers of GC lineage, clinically linked to testicular GC depletion-a pathology primarily manifested by hypo/infertility (3), preceeding TGCT development. Therefore, a unifying mechanism of TGCT oncogenesis should provide a comprehensive explanation for both hypofertility and tumorigenesis. We show that RHAMM defects generate both phenotypes in the same murine hmmr m/m individuals: testicular atrophy and hypofertility of early onset, followed by IGCN and seminoma. Thus, our data reveal RHAMM defects as the common molecular etiology underlying the two clinically linked pathologies.
RHAMM downregulation and delocalization from the spindle appear central to seminoma development
The notion that RHAMM has a central role in TGCT etiology is reinforced by three additional datasets. Human RHAMM is encoded in locus 5q34. Loss of heterozygosity and allelic imbalance studies of TGCT have identified deletions and rearrangements in 5q34 (40), which has been suggested to bear a candidate TGCT suppressor (43) .
Second, we show that, in human seminoma, RHAMM mRNA downregulation and protein dissociation from the spindle occur at extremely high prevalence (96% for the latter) and significance (P < 0.001 for both). In comparison, activating KIT mutations appear in approximately 20% of seminomas (1), whereas multiple GWAS-identified loci associated with TGCT account altogether for approximately 25% to 32% of the genetic risk of developing TGCT (4, 5) . In this context, the ubiquitous occurrence of the RHAMM defect raises the possibility that RHAMM represents a convergence hub of the activity of multiple TGCT ÃÃÃ , P < 0.0001 (P ¼ 0.0000027); ÃÃ , P < 0.01 (P ¼ 0.0024).
susceptibility genes or loci. In support of this hypothesis, we show that expression changes in TGCT susceptibility genes, in human cells, significantly modulate RHAMM levels. Third, we show RHAMM expression and localization to be positively regulated by CFIm25, a testis-specific protein (42) significantly and consistently downregulated in the seminomas. CFIm25 forms a heterotetramer with CFIm68, which preferentially binds the UGUA sequence of mRNA, thereby recruiting components for the cleavage and polyadenylation of the proximal (rather than distal) mRNA 3 0 -end. Many testis-specific genes preferentially employ proximal mRNA polyadenylation (42) , suggesting that the high testicular CFIm25 levels reflect and promote this type of regulation. Besides its postulated function in spermatogenesis, a role for APA in oncogenesis is emerging (44) .
The orientation of spermatogonial divisions is stereotyped and depends on the CG differentiation stage
The spindle acts as mitotic spatial regulator in female gametogenesis (45, 21) . We now demonstrate its role in spermatogenesis, where orientation of the GC division plane depends on the differentiation stage of these cells. The planar division of undifferentiated spermatogonia likely reflects self-renewal/transamplification of undifferentiated cells, supported by the symmetric segregation of PLZF ( Supplementary Fig. S3F and S3G) . Nonetheless, the existence of other spermatogonial markers that segregate asymmetrically in these GCs cannot be excluded (46) . In contrast, apicobasal division signals transition from self-renewal/ trans-amplification to differentiation. This transition could be attributed to the apical surface localization of b-catenin, revealed by our analysis. During heart development, b-catenin is essential in establishing cell polarity for epicardial spindle orientation (47) . It is probable that b-catenin functions in a similar manner to direct GC differentiation.
Disruption of oriented division leads to depletion of GCs, testicular atrophy, and hypofertility Spindle-associated RHAMM is essential for oriented division during spermatogenesis. GC spindles devoid of RHAMM are randomly oriented, but how could this misorientation result in GC depletion? On the basis of our data, at least two possibilities can be envisioned: defects in tissue homeostasis due to depletion of undifferentiated GCs and/or defects in differentiation.
For undifferentiated spermatogonia, the basal compartment of the ST epithelium, functioning as niche, provides signals for the self-renewal of the stem cell population (48) . We propose that the increased apicobasal division of hmmr m/m undifferentiated spermatogonia disrupts stem cell homeostasis, by altering the spatiotemporal placement of undifferentiated progenies, thereby leading to loss of self-renewal signals from the niche. In support of this notion, spindle orientation dictates the cell fates of, for example, brain (12) or hematopoietic (16) stem cell populations, with negative consequences for tissue homeostasis when disrupted. The RHAMM-dependent apicobasal division of differentiating spermatogonia is consistent with the apical progression of spermatogenesis in the ST, via successive apicobasal divisions (9) . As differentiating spermatogonia enter differentiation in a synchronized manner (9) , it is plausible that random division orientation impairs this synchronization in hmmr m/m , resulting in decreased number of GCs committed to differentiation. The two defects likely converge to cause GC depletion.
Could p53 function in GC depletion? The persistence of ST atrophy in p53-null background suggests that the consequences of spindle misalignment do not involve p53. If at all involved, evidence that p53-null stem cells switch from asymmetric to self-renewing divisions (49) raises the possibility that p53 deletion enhances self-renewing divisions in the hmmr m/m testis, resulting in partial rescue.
In summary, our data support the a/symmetric division hypothesis coupling apicobasal/planar divisions with differentiation/renewal, respectively, during the multiple stages of spermatogenesis.
Disruption of planar division and premature exit of undifferentiated GCs from the ST niche can be oncogenic
The atypia observed in the hmmr m/m testis is, at first glance, suggestive of RHAMM-dependent spindle defects. However, this is an unsatisfactory explanation, for several reasons. Atypia or aberrant spindle formation were not observed in spermatogonia, the most actively dividing GCs. Second, atypic cells were exclusively located in the ST lumen, but not in the area of high mitotic activity at the basal side of the ST epithelium. Third, atypia is a late onset phenotype (from 30 weeks-of-age), whereas other RHAMM truncation consequences, atrophy and hypofertility, are apparent already from 4 weeks-of-age. Indeed, although RHAMM is essential for acentrosomal spindle integrity (35, 50) , it appears dispensable in centrosomal spindle formation and cell-cycle progression, as indicated by antibody (34), siRNA (Supplementary Fig. S5C ; refs. 22, 51), or its genetically mediated ( Supplementary  Fig. S1B ) disruption, including in vivo studies (20, 21) .
Rather, our experiments provide three lines of evidence indicative of premature displacement of undifferentiated GCs from the ST niche into the adluminar area, in the absence of functional RHAMM: (i) spindle misalignment during what-should-be-planar divisions places an undifferentiated daughter GC apically; (ii) undifferentiated daughter GCs display symmetric segregation of PLZF, independently of the division plane orientation; (iii) undifferentiated spermatogonia accumulate in the adluminar space, where IGCN appears. These data raise two possibilities on the nature and properties of these cells. Some of the apically displaced undifferentiated GCs represent mutated dormant cells, which can initiate oncogenesis once they evade the suppressive ST epithelium. Alternatively, premature removal from the niche makes these cells vulnerable to secondary steps, required to enable their survival/growth outside the ST epithelium.
Displacement of cells from stem cell compartments and epithelia to the lumen can drive selection for survival and expansion (52) (53) (54) , provoking hypothesis of a cell translocation mechanism that "allows sporadic cells to evade suppressive microenvironments and elicits clonal selection for survival and proliferative expansion outside the native niche of these cells" (54) . We propose spindle misorientation during planar divisions as candidate for this role. Temporal and topological data from the hmmr m/m testis support this notion. First, atypia and IGCN are late-onset pathologies exclusively observed in the adluminal space. Second, ERK1/2 activation, which appears intrinsic in cell translocation from the epithelial layer to the lumen (54, 55) , is elevated in the RHAMM heterozygocity (56) or the hmmr m/m truncation (21) context, but also in Sertoli cells in response to GC depletion (Supplementary Fig. S3I; ref. 57 ). Elevated ERK1/2 activation in the adluminal area would likely enhance the survival of displaced GCs outside their niche, thereby promoting seminoma. However, it is important to note that the ERK1/2 activation in the atrophic STs is not intrinsic to the RHAMM-expressing testicular cells (Supplementary Fig. S3I ).
The relatively low prevalence of seminoma among atrophic hypo/infertile testes of hmmr m/m mice and hypo/infertile patients suggests that transition from precursor lesion to seminoma may require a secondary step to enable Sertoli-independent survival/ growth of displaced GCs. It was not possible to evaluate whether deletion of p53 promotes seminoma development (hmmr m/m ; Trp53 À/À mice die of lymphoma months before seminoma onset); moreover, the majority of TGCTs express wild-type p53 (8) . Rather, the gain of isochromosome 12p, detected in up to 80% of seminomas but rarely in precursor lesions, has been proposed as a transition event (8) . Alternatively, GC depletion (which precedes seminoma) probably limits the generation of spermatogonial stem cells with cancer-initiating potential, thus acting protectively against higher seminoma incidence.
In conclusion, our data show that mammalian male GCs perform stereotyped oriented divisions. Orientation failure results in premature displacement of undifferentiated GCs from the ST niche with two major consequences: (i) GC depletion, testicular atrophy, and hypofertility; (ii) cellular atypia in the ST lumen, IGCN, and seminoma. We propose that the stereotyped orientation of GC divisions regulates spermatogenesis. This process is orchestrated by spindle orientation and it critically depends on spindle-associated RHAMM. Furthermore, we propose that spindle misorientation is the initiating event for IGCN and seminoma development. We conclude that RHAMM orchestrates spermatogenesis and acts as a gatekeeper preventing seminoma development.
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